We report femtosecond time-resolved pump-probe reliection experiments in semimetals and semiconductors that show large-amplitude oscillations with periods characteristic of lattice vibrations. Only A& modes are detected, although modes with other symmetries are observed with comparable intensity in Raman scattering. We present a theory of the excitation process in this class of materials, which we refer to as displacive excitation of coherent phonons (DECP). In DECP, after excitation by a pump pulse, the electronically excited system rapidly comes to quasiequilibrium in a time short compared to nuclear response times. In materials with Aq vibrational modes, the quasiequilibrium nuclear A& coordinates are displaced with no change in lattice symmetry, giving rise to a coherent vibration of A& symmetry about the displaced quasiequilibrium coordinates. One important prediction of the DECP mechanism is the excitation of only modes with A& symmetry. Furthermore, the oscillations in the reflectivity R are excited with a cos(uot) dependence, where t = 0 is the time of arrival of the pump pulse peak, and uo is the vibrational frequency of the A& mode. These predictions agree well with our observations in Bi, Sb, Te, and Ti203. The fit of the experimental AR(t)/R(0) data to the theory is excellent.
I. INTRODUCTION
Since the early 1980's, many groups have been studying the response of material systems to optical pulses on a femtosecond time scale using optical pulse pump-probe techniques.
In a number of these experiments, oscillations due to a Raman excitation process are observed in the transmission of probe pulses as a function of time following the exciting pump pulse.
Recently, femtosecond pump-probe techniques h ave been applied to the study of metals and superconductors.
In pump-probe experiments on a number of conducting or semiconducting materials, oscillations have been observed in reflectivity (or transmission through thin samples) with frequencies that correspond to optical phonon modes of the samples. InSe, e-GaSe, and GaS ' ' In this paper we propose a mechanism for the excitation of oscillations in reflectivity or transmission in the class of materials showing only the excitation of Am odes. For reasons we will explain shortly, we refer to this phonon generation mechanism as displacive excitation of coherent phonons (DECP) . In DECP, only modes of A~symmetry are observed. Furthermore, the oscillation amplitudes in the reflectivity R are very large (AR/R 10~-10 s) as compared to the nonoscillatory changes in reQectivity typically observed in metals such as Cu or 
since the pump and probe pulse have the same shape.
Here we assume that the perturbation of the system due to a weak probe can be neglected. The expression for AT, (t) would be formally similar to Eq. (4) for n(t), so that all three of the functions averaged in Eq. (11) 
If R is the unperturbed reQectivity before the arrival of the pump pulse, then the fractional change in reflectivity due to the pump pulse can be written as Thus H(t) can be written
Reversing the order of i»integration, and introducing the variable of integration z = t' -t, Eq. (14) can be written as
where the pulse autocorrelation function G(t) is defined
Thus, if we continue with the assumption that n(t) is dominant in Eq. (11) and also is the source driving Q(t), then we may write for n(t) and Q(t) from Eqs. (4) and (5): (11) and In Eq. (10) the first term on the right-hand side is due to n(t), the excited band carrier density, defined by Eq. (4); the second term is due to a change in electron temperature; and the third term is due to the change in the A» nuclear coordinates, Eq. (5). Our derivation of Eq. (5) is based on the assumption that n(t) is the dominant source driving Q(t), but a very similar formal result is obtained if Q(t) is driven by the temperature change AT, (t)
Because of the finite width of the probe pulse, what is observed in a pump-probe experiment is not precisely the fractional change in reflectivity given by Eq. {10), but rather an average over the pulse of the form
The derivatives of R in Eq. (11) appear because R is a function of the complex dielectric constant, which is in turn modulated by n, T"andQ. The well-known expression for normal incidence reffectivity R in terms of the dielectric function at pump and probe frequency u is (ni -1)~+ n22 (n, +1) '+ n', ' where C(4J) = ti(41) + lC2(4J) = (Ai + lng) Using Eqs. (11), (17), and (18) we can write
For P, y ( ( 4) If the source of Eq. (21) is indeed the excitation of carriers n(t), then the parameter p appearing in Eqs. (22) and (23), and defined in Eq. (1), can be examined in more detail using the following argument If P(t) .is the power density incident on t;he surface from outside, then the power density inside the material at the surface is P; ""d, (0, t) = (1 -R)P(t). Combining Eqs. (48) and (51) In a "pump-probe" experiment, each output pulse from the CPM laser is split into two beams, yielding a sample excitation pulse (referred to as the "pump") and a sample measuring pulse (referred to as the "probe" ). (See Fig. 1 . ) The pump and probe travel along two separate beampaths and are focused to the same spot, on the sample. By varying the relative length diA'erences between the pump beampath and the probe beampath (with 0.2-pm resolution), an effective delay r between the arrival time of the pump and the arrival time of the probe can be introduced (0. 67-fs resolution). The pump pulse is intense in order to disturb the system from equilibrium, while the probe pulse is weaker to minimize the disturbance that it produces. By sweeping the time delay of the probe, we can systematically scan the entire reflectivity response of the nonequilibrium state as a function of time after arrival of the pump pulse.
The signature of DECP in our experiments is an oscillatory feature in AR with a period corresponding to an Ay Raman-active mode that is found through reflection pump-probe measurements.
The data shown in Fig. 2 were obtained with a pump-pulse width of 60 fs with 10-pJ-pulse energy focused onto a 2-pm-diameter spot size. Our pump-probe experiments in Bi, Sb, Te, and Tiros all show similar features. In Fig. 2 the refiectivity changes AR/R are plotted as a function of time delay for each material. In each of these pumpprobe scans, oscillations characteristic of the material are found superimposed on decaying backgrounds. The fractional changes in the power of the reflected probe pulse (AR/R) associated with the coherent generation of optical phonons have been typically on the order of 10 for antimony, tellurium, and Ti~03, and 10 for bis-
The samples that were studied in our initial workii i4 were in a variety of forms, including polycrystalline films (Bi), polycrystalline bulk samples (Bi and Sb), as well as single crystals (Bi, Sb, and muth. These changes in (AR/R) are large relative to typical femtosecond pump-probe experiments on metalss and semiconductors.
Fourier transforms of the oscillatory data shown in Fig. 2 a cos(~pt) dependence (4 = 0 provided P/(dp (( 1). In Fig. 3 we determine the phase of the oscillation in Sb by extrapolating the oscillation back to zero time delay. To carry out this extrapolation, the forward trace is taken in the normal manner. The roles of the pump and probe are then reversed, and zero time delay is precisely determined by locating the point of mirror symmetry. ' Because of the weakness of the probe pulse as a pump, the dashed trace in Fig. 3 
